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Water Diffusion Into UV Inscripted Long Period
Grating in Microstructured Polymer Fiber
D. Sáez-Rodríguez, J. L. Cruz, I. Johnson, D. J. Webb, M. C. J. Large, and A. Argyros
Abstract—A long period grating was photoinscribed step-by-
step in microstructured poly(methyl methacrylate) fiber for the
first time using a continuous wave HeCd laser at 325 nm, irradi-
ating the fiber with a power of 1 mW. The grating had a length of
2 cm and a period of 1 mm. A series of cladding mode coupling
resonances were observed throughout the spectral region studied
of 600 to 1100 nm. The resonance wavelengths were shown to be
sensitive to the diffusion of water into the fiber.
Index Terms—Humidity, long period grating, microstructured
polymer optical fiber (mPOF), optical fiber sensor, photonic crystal
fiber (PCF).
I. INTRODUCTION
L ONG PERIOD GRATINGs (LPGs) have been studied formany years in applications such as band rejection filters
[1] and sensors of temperature, strain, refractive index (RI), and
curvature [2]–[4]. Application of LPGs for relative humidity
measurement require to recoat the fiber with an hygroscopic
overlayer since cladding modes have negligible interaction with
water vapor [5], LPGs in microstructured fiber may offer a new
approach for humidity measurement [6] but it can be a difficult
task to keep air flowing through the fiber holes. Optical fiber
have also been used as water level sensors by measurement of
the buoyant force acting on the fiber holder [7] or by direct in-
teraction of the liquid with the guided mode in polished fibers
[8], these techniques can be straightforward adapted to Bragg or
long period gratings. Recently researchers have begun to inves-
tigate the recording of these gratings in polymeric optical fibers
[9]. The motivation here is to be able to utilize the different ma-
terial properties of polymers compared to the traditional silica
fiber material. As an example relevant to strain monitoring ap-
plications, polymeric fiber can have a much smaller Young’s
modulus and much higher failure strain than silica fiber [10].
Unlike silica fibers, polymer fibers can absorb water which mod-
ifies the properties of the waveguide and therefore have potential
applications as distributed water level sensors; moreover, water
Manuscript received September 07, 2009; revised December 04, 2009; ac-
cepted February 03, 2010. Date of current version May 19, 2010. This work
was supported in part by European Union (EU) FP7 under Project PHOSFOS
and in part by the Ministerio de Educació n y Ciencia Español under Grant TEC
2008-05490. The associate editor coordinating the review of this paper and ap-
proving it for publication was Dr. Cristiano Cordeiro.
D. Sáez-Rodríguez and J. L. Cruz are with the Dipartimento de Fisica Apli-
cada y Electromagnetismo, Universidad de Valencia, Burjassot 46100, Valencia,
Spain (e-mail: david.saez@uv.es).
I. Johnson and D. J. Webb are with the Photonics Research Group, Aston
University, Birmingham, B4 7ET, U.K.
M. C. J. Large and A. Argyros are with the School of Physics, University of
Sydney, NSW 2006, Sydney, Australia.
Digital Object Identifier 10.1109/JSEN.2010.2042952
diffusion needs to be investigated in order to prevent unwanted
effects of vapor condensation in other sensing applications of
polymer optical fibers. Candidate LPGs have previously been
produced in microstructured polymer optical fiber (mPOF) by
mechanical deformation coupled with heating [9]. In this paper,
we describe for the first time to our knowledge, the UV photoin-
scription of LPGs in mPOF and study the sensitivity to water
absorption.
II. THEORY
The LPG is a periodic modulation of the effective refractive
index of the fiber along of the direction of propagation of the
light. It produces attenuation bands at different wavelengths due
to coupling from the core mode to various cladding modes. The
position of the bands is determined by the resonance condition
(1)
where is the resonant wavelength, is the period of grating
and is the difference in the effective refractive
indices of the core and cladding modes.
The sensitivity of the resonance wavelength to a particular
measurand, X, may be obtained by differentiating (1) to give
(2)
where is a general sensitivity parameter for the fiber [11] given
by .
III. UV INSCRIPTION
The fiber used in this work is made of poly (methyl methacry-
late) (PMMA) with a refractive index of around 1.49. The out-
side diameter of the fiber was 250 m while the fiber core was el-
liptical having a large diameter of 7.6 m and small diameter of
4.2 m. The core was surrounded by 56 air holes with 0.72 m
diameter and a separation of 2.59 m, which gave a ratio of hole
diameter to spacing of d/ . As a consequence of the el-
liptical core, the fiber has a non-negligible birefringence.
Before writing the gratings, the ends of the mPOF fiber were
spliced to two single mode silica fibers. The mPOF fiber was
cleaved on a hot plate at 80 C in order to achieve a flat front
surface and to prevent the air holes from collapse. The fibers to
be spliced were mounted on XYZ stages in order to align their
cores, the alignment being optimized by monitoring the light
transmitted through the junction. The aligned fibers were fixed
with Loctite 3525 glue cured during 10 min of exposure to a UV
lamp having 0.5 W of nominal power. Finally, the splices were
sleeved into silica tubes of 2.75 mm outer diameter in order to
1530-437X/$26.00 © 2010 IEEE
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Fig. 1. Electron microscope photograph of a transversal cut of the mPOF.
Fig. 2. Experimental arrangement.
strengthen them. The insertion loss of the spliced fiber was mea-
sured to be 14 dB in fibers used in this experiment. Fig. 1 shows
a SEM photograph of the cross section of the cleaved fiber, the
elliptical core can be observed as well as a scratch made by the
cleaver. Besides the fiber compatibility, splice loss to silica fiber
is dependent on the quality of the fiber cut, the fiber alignment
and the gluing process. Splice loss has been reduced to 6 dB in
the latest experiments by optimizing the UV curing conditions
and the alignment of the fibers to be spliced. Further improve-
ment could be achieved by optimizing the cutting technique,
namely the kind of blade used to cleave the fiber.
The grating was written by irradiating the fiber with a contin-
uous wave, 1.2 mm beam diameter He-Cd laser at a wavelength
of 325 nm. The laser delivered a maximum power of 30 mW
and was focused onto the fiber by a spherical lens of 20 cm focal
length. The mPOF was placed on two XYZ translation stages so
that it could be aligned with the laser beam. LPGs were written
using step-by-step scanning of the fiber past the laser beam and
shutting the beam off each time the fiber is moved. The transla-
tion stage to scan the laser beam has a precision of 10 m. The
experimental setup is shown in Fig. 2.
The power delivered by this laser is sufficient to melt the
polymer when the beam is focused down. After several attempts
irradiating in different conditions and measuring the fiber trans-
mission we concluded that, to prevent holes from collapsing and
to reach optimum index change in the fiber, the laser had to
be operated at 1 mW output power and the beam had to be fo-
cused over the writing point for a total exposure time of 6 s. The
basic mechanism for grating inscription is the refractive index
increase due to an increase in density resulting from polymer-
Fig. 3. Spectrum of LPG in mPOF.
ization of residual polymer which increases the polymer con-
centration in the irradiated region [12], [13].
The long period grating fabricated was 2 cm in length and
had a period of 1 mm. The spectrum was measured using an
optical spectrum analyzer (OSA) with minimum resolution of
50 pm, wavelength range between 350 nm and 1750 nm and
dynamic range of 90 dBm. A halogen lamp of 150 W was used
as the light source in the experiments. Fig. 3 shows the spec-
trum of the grating measured with 5 nm resolution in the wave-
length range 600 to 1100 nm. The spectrum has six notches cor-
responding to the coupling between the core guided mode and
different cladding modes. The resonance at 950 nm is split into
two bands that might correspond to two polarization states.
IV. SPECTRAL RESPONSE WHEN EXPOSED TO WATER
Polymethyl methacrylate can absorb water from the sur-
rounding medium up to a content of 2 wt% and has a diffusion
coefficient of cm /s measured at 23.5 C [14]–[16].
Water absorption results in volumetric and refraction index
changes, as a consequence, Bragg gratings and long period
gratings in fibers made with this polymer are good candi-
dates for water detection without need of recoating the fiber
with absorbent materials or filling with water the holes of
microstructured fibers.
The response of the device to water is divided into two parts:
the first one is the diffusion into the fiber, the second is the drying
process of the fiber.
The mPOF LPG was immersed in a bath of distilled water and
the grating spectrum was measured for 8.5 h until the diffusion
of water into the fiber reached a stationary state. We show in
Fig. 4 the wavelength shift of the resonance initially situated at
747 nm in Fig. 3.
We propose the following explanation for this behavior using
(2), where in this case represents water content in the fiber.
It should be understood that the effect of water absorption is
to cause both an expansion of the material and an increase in
refractive index [16]. We consider two aspects to the response.
Upon submersion, water diffuses into the cladding region and
initially has no effect on the core refractive index; consequently,
(2) may be written
(3)
The sign of the wavelength shift therefore depends on the rel-
ative magnitude of the two terms in the brackets. In [17], the first
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Fig. 4. Wavelength shift of a particular resonance (747 nm in Fig. 3) due to the
diffusion of water into the fiber.
Fig. 5. Wavelength shift of a particular resonance (1070 nm in Fig. 3) when
the fiber dries out. Top figure: long term evolution. Bottom figure: detail of the
initial part of the process.
term, which describes swelling is measured at approximately
for maximal water uptake, while the second term is ap-
proximately two orders of magnitude higher [18]. Consequently,
the second term dominates and, since for this fiber is negative
[9], there is an initial positive wavelength shift.
When the water arrives in the core of the fiber, the water-in-
duced change in the core index effectively cancels out the index
change in the cladding. Though index cancellation may not be
perfect due to the different nature of the core and the cladding,
it makes the second term in the brackets within (2) negligible
compared to the first term. As a result of this, the final steady
state behavior is characterized by a negative wavelength shift
from the dry value.
When the fiber is taken out of the water the polymer dries out
and the opposite behavior is observed. Fig. 5 shows the drying
Fig. 6. Evolution of double resonance: (a) 19, (b) 21, (c) 23, (d) 24, (e) 25,
(f) 26, and (g) 28 min after removal from water.
process using a different peak from that in Fig. 4, chosen to
allow the largest negative wavelength shift to be observed (even
so, the resonance under test was out of the wavelength measure-
ment range during the time interval between 10 and 220 min).
Other bands show the same qualitative behavior. Initially there
is a huge shift towards shorter wavelengths as water diffuses
out of the cladding followed by a red shift when the core starts
drying.
The spectrum was measured over 12 h and it did not reach
the stationary state, indicating that some moisture remains in
the fiber for a long time. After drying out the fiber by gentle
heating ( C) for 40 min, the spectrum of Fig. 3 was recov-
ered; it has not been investigated yet whether the drying time
could be shortened. Experiments were repeated three times and
no significant variations were observed.
It must be noticed the fast initial response of both processes
(soaking and drying), wavelength shifts of 50 nm take place in
the first 30 s. LPGs response is much faster than Bragg grat-
ings which have an activation delay of about 8 min in mPOF
[16] because water takes time to reach the fiber core. This fast
response makes LPGs in mPOFs suitable candidates for water
level sensors.
Some modes of the grating spectrum exhibit a double reso-
nance within the measurement range, with the core mode cou-
pling energy to a cladding mode at two different wavelengths
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[11], [19], double resonances appear because of the specific dis-
persion curves of the core and cladding modes which make the
resonance wavelength curve to have a turning point as function
of the grating period for a specific set of modes in a range of pe-
riods. Since the resonance wavelength have opposite slopes as
function of the grating period at both sides of the turning point,
these resonances shift in opposite spectral directions when the
properties of the waveguide are modified. As an example, Fig. 6
shows the evolution of a double resonance while the fiber dries
out: two resonances were measured at 600 and 1100 nm 19 min
after taking the fiber out of the water bath. As water leaves the
fiber, these resonances move towards each other and five min-
utes later they coincide at 820 nm, after which they gradually
disappear.
V. CONCLUSION
In this paper, we have demonstrated what is to our knowledge
the first LPG photoinscribed in microstructured polymer optical
fiber using UV radiation. Furthermore the response of the LPG
to water has been investigated and clearly reveals the water dif-
fusion process at work. Results have direct application in the
filed of optical fiber sensors as water level detectors and are a
start point for relative humidity measurement.
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